
N A S A  TECHNICAL NOTE N A S A  TN D-2593 
c. / 
-- - - - _  

A FLIGHT INVESTIGATION 

DIAPHRAGM SEPARATION DISTURBANCES 
OF THE SCOUT FOURTH-STAGE 

by Seymour Salmirs 

Langley Research Center 
Langley Station, Hampton, Va. 



TECH LIBRARY KAFB, NM 

lllllllllllllllllllllll~lllll ililllllllll 

A FLIGHT INVESTIGATION OF THE SCOUT FOURTH-STAGE 

DIAPHRAGM SEPARATION DISTURBANCES 

By Seymour Sa lmirs  

Langley Research Center 
Langley Station, Hampton, Va. 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

For s o l e  by the Off ice of Technical  Services, Deportment of Commerce, 
Washington, D.C. 20230 -- Pr ice  $1.00 



A FLIGET INVESTIGATION OF TEE SCOUT FOURTH-STAGE 

DIAPHRAGM SEPARATION DISTURBANCES 

By Seymour Salmirs 
Langley Research Cemter 

An investigation of the  separation impulses of the Scout vehicle fourth- 
stage separation system w a s  conducted during a f l i g h t  of the  ST-7 vehicle. 
Separation impulses were obtained from the measurement of the  third- and fourth- 
stage motions and correlated with other ground investigations on the separation 
mechanism. Visual l i gh t  scanners and accelerometers were used t o  obtain a 
record of the fourth-stage motion, and ra te  and a t t i t ude  gyros gave information 
on the third-stage motion. 

The resu l t s  showed thkt the impulse during the operation of the separation 
diaphragm w a s  i n  good agreement with tha t  measured i n  ground tests. However, 
the  larger  par t  of the flight-measured impulse occurred inmediately following 
the actual  separation of the stages. The t o t a l  measured impulse w a s  about 
5.5 pound-seconds, o r  more than twice the  m a x i "  measured i n  ground t e s t s .  
result ing t ipoff  angle of loo w a s  encountered. 

A 

The close proximity of the th i rd  and fourth stages during and following 
ignition w a s  concluded t o  be the  main cause of the t ipoff  impulse. 

INTRODUCTION 

The guidance of the fourth stage of the Scout vehicle i s  obtained by 
pointing t h i s  stage i n  the  proper direction while it i s  s t i l l  attached t o  the 
th i rd  stage and spinning it by f i r ing  four spin rockets located at the  base of 
fourth stage. The fourth stage i s  then ignited and separated while spinning, 
and i t s  or iginal  pointing i s  maintained by the  gyroscopic effects .  The Scout 
vehicle i s  described i n  reference 1, and a description of the  separation system 
may be found i n  reference 2. 

The efficiency of spin s tab i l iza t ion  has been theoret ical ly  investigated, 
and spinning seems t o  be the most economical method of obtaining a t t i t ude  sta- 
b i l iza t ion  f o r  small rocket motors, where the w e i g h t  of guidance and control 
components would o f f e r  severe performance penalties. 
methods of analyzing motions of spinning bodies with various disturbances 
acting. 

References 3 and 4 discuss 
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Reference 2 discusses the results of some of the  Scout vehicle f l i gh t s  
during which it w a s  apparent that the fourth stage w a s  oriented i n  a different 
direction than planned. The study of reference 2 indicated tha t  the  change i n  
direction w a s  caused by a disturbance t o  the spinning vehicle Etnd not an ini-  
tial pointing error.  This investigation w a s  i n i t i a t ed  t o  determine the  motion 
of the  spinning stage and from it, an understanding of the  forces tha t  produced 
the  motion. 

The separation of the th i rd  and fourth stages may be understood by refer- 
ring t o  figure 1. 
exi t  nozzle i s  pressurized by the  motor ignit ion.  
the diaphragm deflects.  
ery of t he  diaphragm and permits the fourth stage t o  leave the third.  

The volume enclosed by the  separation diaphragm and the  motor 
As the pressure builds up, 

The deflection releases the threads around the periph- 

Two horizon scanners mounted on the  spinning vehicle provided data from 
which the  pitching motion of the vehicle could be calculated. 
provided information on the t o t a l  transverse and normal accelerations of the  
fourth stage, and radar tracking permitted gross estimates of the vehicle tra- 
jectory. I n  addition, forces acting on the  th i rd  stage were determined from 

measured body angular rates during fourth-stage 
spinup and separation. 

Accelerometers 

This report presents the  results of the  
f l i gh t  of the ST-7 vehicle, i n  which a large 
separation disturbance w a s  present, and examines 
the motions of the th i rd  and fourth stages t o  
find the source of the  disturbing force. 

SYMBOLS 

h a l t i tude  of the vehicle, nautical  
miles 

Accelerometers 

2 I, r o l l  moment of iner t ia ,  slug-ft 

M disturbing moment, f t - l b  

P spin rate, radians/sec 

- 4th-stage motor 

Motor nozzle R radius of the earth, nautical  m i l e s  
+=-E& 

t time, sec 

x,y, z 
Separation diaphragm 

body-axis system centered at the 
Third stage body center of gravity 

X',Y ', Z '  earth-axis system centered at  the 
Figure 1.- Schematic diagram earth s center 

of fourth stage showing 
mounting of scanners and 
accelerometers. U ear th scan-angle correction parameter 
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ear th scan angle, deg 

scan-angle correction, deg 

N e r  body pi tch angle, deg 

pitch plane t ipoff  angle, deg 

i n i t i a l  body pitch angle above loca l  horizontal, deg 

t o t a l  body pi tch angle above loca l  horizontal, deg 

scanner mounting angle, deg 

t ipoff  angle, deg 

yaw plane t ipoff  angle, deg 

time during which a disturbing moment i s  acting, sec 

INSTRUMENTATION 

Horizon Scanners 

Fixed telescopes having a lo circular  f i e l d  of view were mounted on the 
front end of the spinning vehicle as shown i n  f igure 1. A record of the  
pitching motions w a s  obtained with these horizon scanners. The sensing elements 
f o r  the scanners were lead sulphide ce l l s  which, with the optics, were sensit ive 
t o  v is ib le  l i gh t  and the near infrared t o  about 3 microns. Thus, the scanners 
responded almost ent i re ly  t o  earth reflected solar  radiation. 

A sample of the  records obtained are  reproduced i n  figure 2. The spinning 
motion of the  vehicle was such tha t  the scan f i r s t  intercepted the southern 
horizon and passed from earth t o  space a t  the northern horizon. Since the sun 
w a s  south of the equator at  the time of the experiment, the  reflected l i gh t  from 
the  southern horizon produced a high-level signal from the  scanner. 
scanner passed over the  earth, the reflected l i gh t  intensi ty  dropped off u n t i l  
the  scanner s a w  space (zero signal)  and repeated the cycle. Subsequent t o  the 
igni t ion of the spinning stage, one of the scanners w a s  pointed i n  the v ic in i ty  
of the sun, as shown on the records i n  figure 2 by the  steep high peaks between 
the  horizon pulses. 

A s  the  

Two horizon scanners were used t o  cover the  poss ib i l i t i es  of large changes 
i n  body a t t i tude  i n  e i ther  the up or darn direction. 
pitched down; had the  vehicle pitched up, one of the  scanners would not have 
seen the  horizon. 

I n  t h i s  f l i g h t  the  vehicle 
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-Spin up 

4th-st0 

75" Scanner 

7 t A n L 

85" Scanner - h J 

I I 1 I I I 
0 25 50 75 10 1.25 150 

C 

positive acceleration) 

I 1 - 1  1 I 
I75 29 2 2 5  2 5 0  275 30 325 

Time, sec 

Figure 2.- Time his tory  of scanner and accelerometer outputs. 

Accelerometers 

The four accelerometers mounted behind the  payload i n  the  fourth stage 
provided a record of the  transverse and normal accelerations of the vehicle. 
It w a s  possible t o  analyze these data by the  method of reference 2 and t o  obtain 
the  t o t a l  disturbing impulse; also, from the known configuration of the  vehicle, 
the  t o t a l  orientation error  of the  spinning stage could be obtained. 
orientation e r ror  is  here defined as t ipof f .  With a spinning body, it is  the  
precession angle through which the body moves after being disturbed. 
t i on  frequency w a s  measured d i rec t ly  from the accelerometer records. 

This 

The nuta- 

Third-Stage Instruments 

The data obtained and used from the th i rd  stage w e r e  the  outputs of vehicle 
guidance-system a t t i t ude  and rate gyros. 
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r a t e  and position time h is tor ies  from which moments acting on t h e  th i rd  stage 
could be deduced. 
re la t ive  positions of the th i rd  and fourth stages during the separation process. 

The a t t i tude  information made it possible t o  estimate the 

Radar 

Radar data included measurements of vehicle alt i tude,  distance, and veloc- 
i t y  from which the orientation and magnitude of the  velocity vector were deter- 
mined. Radar information on the  th i rd  stage w a s  excellent and provided good 
velocity vector and a l t i tude  data at  ignit ion of the fourth stage. Tracking 
w a s  l o s t  at  the time and scant information w a s  obtained on the  fourth stage 
i t s e l f .  
only as  a rough check on the  final-stage behavior. 

The radar data, because of the lack of fourth-stage information, serve 

DATA ANALYSIS 

Roll Rate 

The sun pulses, shown i n  figure 2, obtained on the 7 5 O  scanner, provided 
rol l - ra te  information. 
time interval  between pulses. Since the solar  pulses provided sharper, hence 
more easi ly  read, signals than the  earth pulses, they were used whenever they 
appeared. The time his tory of r o l l  ra te  a f t e r  ignition, as obtained from the 

The r o l l  ra te  i s  proportional t o  the reciprocal of the 

sun pulses, i s  shown 
i n  figure 3(a). Fig- 
ure 3(b) w a s  obtained 
f romthe  earth scan 
and shows the roll- 
r a t e  time history 
pr ior  t o  and immedi- 
a t  ely following igni- 
t i o n  of the fourth- 
stage engine. The 
ear th  pulses provided 
good information f o r  
these data since 
there  were no signif-  
icant  disturbances 
during t h i s  period. 
The sun did not 
appear i n  the scan 
u n t i l  igni t ion and 
osc i l la t ion  of the  
fourth stage. 

198 

194 

190 
E a 
5' 186 e - - 
B 

I82 

17E 

I 7 r  

I71 
I 

po7 Burnout 

I j-. . 0 -  .I . L _I- ~ 

! I56 160 164 168 172 176 180 184 

Time, sec 4th-stage ignition 

188 192 196 

(a) Time h is tory  during fourtb-stage burning from sun pulses. 

Figure 3.- Roll-rate time h i s to r i e s  frm 75' horizon scanner. 
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18 0 r '  I I I I I I I I 1 I 

4th-stage i g n i t i o n  

All spin motors 
burnout 
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motor 

burnout 

151 

168 

156 
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2 
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96 

ignition 
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- 

- 

( b )  Time h is tory  from ear th  pulses. 

Figure 3.-  Concluded. 

Pitch Attitude 
Z 

Vehicle 
Y .  

Scon cone 7 i' 
,Center line of scan cw \ L-AdG 

Z' 

Figure 4.- Geometry of scan. 

X 

Y 

The scanner telescopes 
describe a cone i n  space which 
intersects  with an assumed 
spherical earth. The geometry 
of the scan i s  shown i n  figure 4. 
The parameters of the scan are: 
a l t i tude,  portion of the scan 
which intersects  the earth, scan- 
cone half-angle, body-pit ch angle 
of the vehicle, and radius of the 
earth.  A l l  of these parameters 
are known from the  vehicle 
design, instrumentation, and 
radar data except the body-pitch 
angle. The a l t i tude  i s  obtained 
f romthe  radar data; the angle 
during which the scanner sees 
the earth i s  obtained from the  
scan data; and the other param- 
e t e r s  such as the ine r t i a s  and 
telescope pointing angle rela- 
t i v e  t o  the  r o l l  reference axis 
a re  fixed i n  the design of the 
experiment. 
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The intersection of the scan 
and earth i s  mathematically described 
by the  equations presented i n  the  
appendix. The equations were solved 
on a d i g i t a l  computer f o r  the  spe- 
c i f i c  configuration of t he  ST-7 vehi- 
cle, and the resu l t s  a re  shown i n  
figure 5(a). The angle p was 
obtained by multiplying the ra te  of 
r o l l  by the  time of earth scan. 
equations of the  appendix indicate 
tha t  the signal output of the  scanner 
begins as soon as  the edge, rather 
than the center l ine,  of the scanner 
f i e l d  of view touches the  horizon. 
The result ing difference i n  measured 
earth angle i s  therefore a function 
of the angle a t  which the  scan actu- 
a l l y  crosses the horizon. The equa- 
t ions used t o  determine the correc- 
t i on  t o  j3 are  given i n  the appendix. 
Figure 5(b) shows the corrections, 
calculated f o r  the  ST-7 vehicle. 

The 

Because the  signal output of the  
scanner begins t o  r i s e  when the  
scanner f i e l d  of view first encoun- 
t e r s  the ear th 's  atmosphere and not 
when it f ina l ly  crosses the ear th 's  
surface, an additional correction 
t o  p i s  necessary. The mean a l t i -  
tude of the fourth stage during 
burning w a s  about 200 nautical  miles. 
A t  t h i s  a l t i t ude  the angular differ-  
ence between the  horizon at the 

120, 

40 45 50 55 60 65 35 

at, deg 

( a )  Variation of ear th  scan angle with 
a l t i tude  and body-pitch angle. 

Figure 5.- Curves f o r  solution of scan- 
geometry equations f o r  75O scanner. 

ear th 's  surface and a t  the upper layer  of clouds (assumed a t  an a l t i tude  of 
5 nautical  miles) i s  about 0.25O. Since the scanner output starts a t  O . B o  
above the horizon when first crossing (and pers i s t s  f o r  0.5' a f t e r  passing) 
the horizon, a value of 0.50° w a s  subtracted from the  scan angle. 

The procedure used t o  determine the  time history of the body-pitch angle 
of the vehicle i s  as follows: 

1. Multiply r o l l  ra te  by earth pulse width t o  obtain p .  

2. Enter the  curves of f igure 5(a) with values of 
e t .  

p and a l t i t ude  deter- 
mined from radar t o  obtain 

3. Enter curves of figure 5(b) with 8 t  and h t o  obtain 43. 
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.a 

0 

The value used f o r  the i n i t i a l  body-pitch angle i s  explained subsequently. 

- at = 40'- . vehicle body-pitch angle 
i s  shown i n  figure 6. 
The N e r  pitch angle 8 
may be obtained from 
t h i s  information by the  

- 

1 - 1  

Errors i n  Data and Computations 

The rol l - ra te  determination depended on the time interval  between e i ther  
Because of the slope of these pulses and the small dis- 

The result ing e r ror  i n  

sun o r  e a d h  pulses. 
tances on the  record involved, the best  time accuracy i s  about 2.0 milliseconds 
out of approximately 335 milliseconds per revolution. 
r o l l  r a t e  i s  about 1.1 rpm. 

The pitch-attitude errors a re  a lso an important function of the accuracy 
with which the time can be read during the  earth scan. 
sidered t o  be about 2 milliseconds. The rolling velocity error, because it 
contributes t o  the earth scan angle, i s  also important. 
based on estimates of the  r e l i a b i l i t y  of the  radar information, l i e s  i n  the 
a l t i tude .  This error  was assumed t o  be about k2.0 nautical miles. Another 
a l t i t ude  error  ex is t s  i n  tha t  the a l t i tude  i s  increasing during the earth scan. 
Calculations show tha t  the a l t i tude  ra te  w i l l  cause a maximum er ror  i n  
about -0.2'. 

This time error  i s  con- 

An additional error, 

8 t  of 

It can be seen from the curves of figure 5(a) tha t  the  relationship between 
the angles /3 and 0 t  and the a l t i t ude  h are such tha t  the  values obtained 
f o r  8% become more uncertain as 0 t  i s  reduced. Thus, the  e r ror  i n  8 t  
result ing from errors i n  p and h i s  an Fmportant function of 8 t  i t s e l f .  
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The noise i n  the telemetered signals w a s  of such magnitude as t o  cause 
some error  i n  reading the earth pulse width. 
the  error  contributed by it varied from point t o  point. 

Since the  noise was not consistent, 

The errors from a l l  $he sources were considered and applied t o  various cal- 
culated points during the data-reduction procedure. 
f igure 6 on the pitch t i m e  history. 
t o  low angles, the  errors were significantly larger .  
9% were obtained at high values of 
possible a t  very low values. 
cumulative t o t a l  from the e r ror  sources. The small r a t e  of change of signal 
amplitude with time evident on the  85O scanner (as shown i n  f i g .  2) produced 
large errors i n  time readings f o r  t ha t  scanner. 
from the  850 scanner re la t ively unreliable. 
used except for  general ver i f icat ion of the data from the 75O scanner. 
reason f o r  incorporating the 850 scanner i n  the  system w a s  t o  cover the possi- 
b i l i t y  of a tip-up rather than a tip-down a t t i t ude  change. 
occurred, the 75O scanner may not have intersected the horizon. 

The resul ts  are  shown i n  
Generally, when the vehicle pitched down 

e t ,  whereas errors  as high as k3.0° were 
These errors were obtained by using the highest 

Errors of about +0.4O i n  

These errors rendered the data 
These data were consequently not 

The main 

Had t h i s  change 

RESULTS 

Scanner D a t a  

The scanners mounted i n  the spinning fourth stage provided the  information 
for  the  time his tory of the  pitch-att i tude angle i n  figure 6. 
provided pitch-att i tude information pr ior  t o  igni t ion of the f i n a l  stage. 
plotted points show tha t  the vehicle gi tch angle result ing from the guidance 
program of the Scout vehicle w a s  57.2 

These scanners 
The 

f 0.4O. The predicted angle a t  t h i s  

62 

58 

54 

0 

0 
& - 5 0  
cn 

46 

42 

3E A 4th-stage 
burnout 

150 154 158 162 166 170 174 178 182 186 190 194 198 

Time from lift-off, sec 

Figure 6.- Time h is tory  of fourth-stage motion i n  pi tch plane. 

9 



time w a s  57.6O f O.5O. After ignition, a coning or  precession of the  fourth 
stage w a s  produced, i n  addition t o  the  nutation of the spinning stage due t o  
thrust  misalinement. The estimated nutation amplitude was calculated t o  be 
about 0.2', too small f o r  the  t i m e  h is tory t o  detect .  The center of the  coning 
envelope, the  pitch t ipoff  angle, inmediately following ignition of the  fourth 
stage was about 9.l0 below the  pointing angle pr ior  t o  ignit ion.  

The pi tch motion is  marked by an apparent unsymmetrical damping envelope. 
The resul t  of the  j e t  damping and other forces operating during burning w a s  t o  
reduce the coning from about 18O t o  3' and r a i se  the center of the cone from 
9.1' pitch-down a t  igni t ion t o  7.0' pitch-darn at  burnout. An increase of the 
nominal angle of 1.20 during burning i s  shown i n  figure 6. This change i n  
angle occurs because the  vehicle maintains i t s  i n e r t i a l  position while traveling 
over the spherical earth. 
earth ver t ica l .  

The change i n  angle re f lec ts  the change i n  the loca l  

Calculations, based on the analysis of reference 2, were made, of the  t o t a l  
impulse disturbance required t o  produce the motion encountered. 
fo r  the t ipoff  angles i n  the pitch and yaw planes f o r  a body-fixed moment are 

The equations 

The t o t a l  t ipoff  angle i s  then 

2 M  PT 
E = - s i n  - 2 2 

Ixp 

Taking the  r a t i o  of pi tch angle t o  t o t a l  t ipoff  gives 

and solving f o r  M from equation (2) yields 

E I x P 2  
M =  

PT 2 s i n  - 
2 

(4 )  

Equations ( 3 )  and (4)  were plotted against equation (2)  i n  figure 7 f o r  the  
case investigated where the  pitch t ipoff  angle of 9.l0 was encountered. 
data from the fourth-stage accelerometers, which showed a t o t a l  E 
be used t o  enter the  curves of figure 7, from which a moment and time are 
obtained, the product of which is  an angular impulse. 
required t o  produce the motion observed. 

The 
of loo, may 

This is  the impulse 
An angular impulse of about 
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20 ft-lb-sec i s  obtained. With the  
distance from the  fourth-stage cen- 
t e r  of gravity t o  the  exit plane of 
t h e  motor of 3.33 f t ,  the l inear  
impulse i s  about 6.0 lb-sec. This 
value i s  the  impulse tha t  would be 
required i f  the moment were rotating 
with the body and applied about the  
yaw axis. 

"he roll-rate time history of 
f igure 3 shows an immediate reduc- 
t i o n  i n  r o l l  r a t e  following ignition 
of the  engine. After t h i s  reduction 
occurred, the  r o l l  ra te  increased 
s teadi ly  up t o  a point near the end 
of burning; then the  r a t e  of change 
increased u n t i l  burnout, when r o l l  
r a t e  reached a steady level .  

The calculated steady-state 
moment t o  provide the  required aver- 
age increase i n  r o l l  ra te  f o r t h e  

80 
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Figure 7.- Disturbing moment and time of 
disturbance t o  produce t o t a l  t ipof f  
f o r  a 9.1O pi tch  t i p o f f .  

first increase w a s  about 0.27 f t - l b  if  the ine r t i a  is assumed t o  vary l inear ly .  
The more rapid ra te  of increase near the end of burning required an average 
moment of 0.31 f t - lb .  These numbers represent averages, and the actual  instan- 
taneous moments could be expected t o  be much larger .  

Accelerometer Data 

The physical characterist ics of the th i rd  and fourth stages of the ST-7 
Scout vehicle necessary f o r  reduction of the  data a re  given i n  the following 
tab le  : 

Center-of-gravity s ta t ion  of fourth stage, in .  . . . . . . . . . . . . .  
Center-of-gravity s ta t ion  of attached th i rd  and fourth stages, in .  . . .  
R o l l  i n e r t i a  of fourth stage, slug-ft2 . . . . . . . . . . . . . . . . .  
Pitch and yaw ine r t i a  af fourth stage, slug-f't2 . . . . . . . . . . . . .  
Pitch and yaw ine r t i a  of t h i rd  stage, slug-ft2 . . . . . . . . . . . . .  
Pitch and yaw ine r t i a  of attached th i rd  and fourth stages, slug-ft2 . . .  
Weight of fourth stage, lb . . . . . . . . . . . . . . . . . . . . . . .  
Weight of t h i rd  stage, l b  . . . . . . . . . . . . . . . . . . . . . . . .  

Center-of-gravity s ta t ion  of t h i rd  stage, in .  . . . . . . . . . . . . .  
Fourth-stage nozzle-exit-plane station, i n .  . . . . . . . . . . . . . .  

64 
164 
118 
104 

5.74 
39.2 
403 

1165 
627 
721 

The accelerometer data shown i n  figure 2 were analyzed by the  method of 
reference 2. 
l i nea r  impulse of 5.45 lb-sec applied at  the  motor ex i t  plane. 
responded t o  a t o t a l  i n i t i a l  body pitching rate of 26.6O per second and resul t -  
ant t ipof f  angle of loo. 

The result ing t o t a l  angular impulse w a s  18.15 ft-lb-sec o r  a 
The impulse cor- 

These values are  based on the  assumption tha t  an 
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impulsive disturbing moment w a s  applied at separation of the  spinning fourth 
stage. 
period of time, produces the body r a t e  and t ipoff  angle calculated. It should 
a l so  be noted tha t  the maximum peaks on the  accelerometer recordings occurred 
at  about 70 t o  80 milliseconds a f t e r  igni t ion and that the disturbances con- 
tinued f o r  about 180 milliseconds. The arrows on the  accelerometers i n  f ig-  
ure 2 indicate the  direction f o r  posit ive acceleration measurement. 
the  high peaks on t races  A and C indicate tha t  a force on the corresponding 
accelerometers i s  applied i n  the  upper left-hand direction. 

The t o t a l  Fmpulse, resolved into an average moment operating f o r  a short 

For example, 

Third-Stage Angular Rates 

The third-stage angular ra tes  a re  shown i n  f igure 8(a). The time period 
considered i s  immediately before the igni t ion of the  fourth stage and f o r  
200 milliseconds following ignition. The time of igni t ion was taken as the 
point of the first reading on the  transverse accelerometers. 

The r o l l  ra te  shows a large t ransient  immediately following ignition indi- 
cating a very large r o l l  disturbance. 
rective torque by the  roll-control jets on the th i rd  stage. 

This large disturbance in i t i a t ed  a cor- 
The third-stage 

pi tch and yaw j e t s  did not operate during the time of 
and immediately following separation. The disturb- 
ances shown were due t o  the separation processes. 

A t  about 60 milliseconds a reversal i n  force i s  
evident i n  the  yaw plane and a force i s  applied i n  
the pi tch plane. A t  about 70 milliseconds there i s  
a l so  a change i n  the r o l l  moment. The time scale i s  
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affected by the  telemeter and instrument lags, and 
the  times of rapidly changing events may be i n  error  
by as much as 10 milliseconds. 
the  physical separation of the th i rd  and fourth stages 
occurs a t  about the  time of these discontinuities, 
then separation occurred a t  between 60 and 70 m i l l i -  
seconds. Up t o  t h i s  time the impulse derived from 
these curves i s  i n  the proper direction t o  produce 
the result ing fourth-stage motion. The t o t a l t r a n s -  
verse impulse i s  about 1.7 lb-sec with about 
1.6 lb-sec i n  the pitch plane. 
impulse and duration is  of the  same order of magnitude 
as those measured during ground t e s t s  on the fourth- 
stage motor i n  reference >. An additional impulse i n  
the  opposite direction was evident from these records 
a f t e r  physical separation. 

If it i s  assumed tha t  

This separation 

Third-Stage A n g u l a r  Positions 

The third-stage angular positions a re  shown i n  
figure 8(b)  f o r  the  same time interval  covered by the  
rate data. The yaw a t t i tude  i s  marked by an apparent 
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loss  of signal during a large part of the interval  
covered. An assumed time history i s  shown f o r  t h i s  
period. The yaw a t t i t ude  signal w a s  transmitted on 
a channel t ha t  w a s  shared by other data. For t h i s  
reason, t he  data were not continuous. The pi tch 
a t t i t ude  is  not zero at  t h i s  time, but f o r  t he  pur- 
poses of obtaining the  re la t ive  positions of the  
th i rd  and fourth stages, t h i s  is  not important. 
These data  a re  discussed subsequently i n  describing 
the vehicle motions. 

DISCUSSION OF RESULTS 
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The resu l t s  of t he  analysis of the third-stage 
motions indicate tha t  a t o t a l  impulse of about 
1.7 lb-sec w a s  applied t o  the  fourth stage after the  
start of igni t ion and during the  operation of the 
separation diaphragm. m e d i a t e l y  a f t e r  diaphragm 
separation the  forces evident on the t h i r d  stage a re  
acting i n  the wrong direction t o  produce the  measured 
fourth-stage motions. The impulse during separation 
i s  i n  good agreement with the data i n  reference 5 
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which shows separation impulses from 1.0 t o  2.3 lb-sec. 
However, t h i s  Fmpulse i s  very much lower than the  
t o t a l  deduced from the  fourth-stage scanner data Figure 8.- Concluded. 
(6.0 lb-sec) and accelerometers (5.45 lb-sec). 

(b) Third-stage attitude 
angles. 

The fourth-stage accelerometers showed disturbances f rom ignition u n t i l  
about 180 milliseconds l a t e r .  
t i on  of the stages i s  approximately 14 t o  16 inches. 
erence 5 t ha t  t h i s  time in te rva l  corresponds t o  the  approximate time a t  which 
the  motor chamber pressure has reached i t s  steady-state value. Calculations 
show tha t  a t  about 3 t o  5 milliseconds a f t e r  separation, the flow i n  the nozzle 
throat  becomes sonic. 

Calculations show tha t  a t  t h i s  time the separa- 
It w i l l  be noted i n  ref- 

The sequence of t he  separation events appears t o  occur i n  approximately 
the  times and manner indicated i n  the  following paragraphs. The times are  those 
taken from unpublished data  obtained during the ground t e s t s  reported i n  refer- 
ence 5 .  
ments. The sequence i s  schematically i l l u s t r a t ed  i n  figure 9. 

These times appear t o  be i n  good agreement with the  f l i g h t  measure- 

(1) A t  t = 0 the  ign i t e r  is  actuated. 

(2)  A t  t +J 30 milliseconds, the  nozzle closure plug is  blown and the  
diaphragm begins deflecting. 

( 3 )  A t  t +J 60 t o  70 milliseconds, t he  stages are physically se2arated. 
A t  t h i s  time approximately 20 percent of the t o t a l  disturbing impulse has been 
imparted t o  the  fourth stage, and the  exhaust gas flow i n  the  nozzle throat 
becomes sonic. 



(4) A t  t = 70 t o  80 milliseconds, the  peak disturbing moment i s  reached, 
and the  stages are separated about 1/2 inch. 
about 0 . e o  i n  pi tch and l.5O i n  yaw. 

The angle between the stages i s  

( 5 )  A t  t = 180 milliseconds, t he  large disturbing impulses end; the stages 
have about 14 t o  16 inches of separation; precession has s tar ted with the  rela- 
t ive angles between the  stages about >O i n  pitch and l.5O i n  yaw; the  motor 
chamber pressure has reached a steady-state value. 

Two possible sources are responsible f o r  t he  la rge  impulse experienced. 
The first i s  a disturbed flow i n  the  motor itself, while the  chamber pressure 
i s  undergoing large variations.  
reveal any such large impulses f o r  the  motor i t s e l f ;  however, the  pressure 
source used i n  tha t  study w a s  a point instead of t h e  actual burning grain and 
the difference between the two may be significant.  

The investigation of reference 3 f a i l ed  t o  

A second possible cause of the large disturbance is  the  dynamic interac- 
t i o n  of t he  exhaust gas between the  th i rd  and fourth stages. 
erence 5 used a simulated th i rd  stage, wherein not only the  mass but a l so  the  
geometry of the  interface w a s  simulated. However, the  pitch ine r t i a  w a s  con- 
siderably smaller because of the  space l imitations.  It is  possible tha t  t h i s  
simulation, while providing the  proper separation r a t e  between stages f o r  no 
transverse force, may have great ly  overestimated the separation rate due t o  
rotation of the th i rd  stage. 
a longer time i n  the  actual  flight than i n  the  simulation and thus would tend 
t o  produce greater interaction and higher impulses. It i s  also possible tha t  
body-spin has a significant effect .  Spin w a s  not investigated i n  the ground 
tests. The transverse disturbance due t o  the  close proximity of t he  stages may 
be described with reference t o  figure 9. The pi tch and yaw a t t i tudes  of the 
t h i r d  stage were obtained from the  telemetered record of the  guidance-system 
gyro reference. 
fourth stage are very approximate and are  deduced from calculations based on the  

The tests of ref- 

The stages would have been i n  close proximity f o r  

These records are shown i n  f igure 8(b).  "he a t t i tudes  of the 
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Figure 9.- Third- and fourth-stage re la t ive  posit ions during 
separation. 



moments obtained from figure 7. The separation between stages w a s  calculated 
from an assumed thrust  time history based on the resul ts  of reference 5 .  The 
impulses obtained are those derived from the  change i n  angular rates of the 
th i rd  stage. 

The impulse and forces i n  the  assumed sequence are all i n  the proper direc- 
t ions  and roughly of the  correct magnitude t o  produce the  motions measured. 
Although the  calculations and sequence are only approximate, it is  believed tha t  
they represent a reasonable estimate of the si tuation. A more detailed study of 
t he  motions would increase the  complexity of the analysis beyond the scope of 
t h i s  paper. It would require data which are  not available, and the  necessary 
assumptions would m a k e  i t s  accuracy questionable. 

CONCLUSIONS 

An investigation of t he  t ipoff of t he  f inal  stage of the  Scout vehicle w a s  
conducted during a f l i gh t  i n  which a large disturbance w a s  detected. The fol-  
lowing conclusions were reached: 

1. A t ipoff  disturbance of about 5.5 t o  6.0 lb-sec w a s  produced, and it 
caused a t o t a l  t ipoff  angle of loo. 
p i t  ch-down. 

The t ipoff i n  the  pitch plane w a s  9.l0 

2. The separation disturbance, estimated from third-stage instrumentation 
during the  time of separation, w a s  about 1.7 lb-sec. 
impulse i s  i n  agreement with ground investigations. 

The magnitude of t h i s  

3 .  The largest  impulse w a s  obtained after separation and las ted u n t i l  a 
separation distance of 14 t o  16 inches w a s  reached. 
believed due t o  the close proximity of the stages and the  interaction of exhaust 
gases during t h i s  time. 

This disturbance w a s  

4. The use of t he  separation diaphragm provided the  possibi l i ty  of a large 
t ipof f  because of the  possibi l i ty  of i t s  unsymmetrical release and i ts  require- 
ment f o r  t he  close proximity of the  stages during ignition. 

5 .  A n  average r o l l  moment of about 0.3 foot-pound during fourth-stage 
burning w a s  measured. 

6 .  The third-stage pitch angle at  ignit ion of the  fourth stage w a s  within 
the  guidance system tolerances. 

7. Visible radiation horizon scanners were sa t i s fac tor i ly  used t o  produce 
a time history of body-attitude angle during fourth-stage operation. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., September 14, 1964. 



APPENDIX 

THE GEOM!Z!I'RICAL RELATIONSHTPS OF THE 

FARTH SCANNEB AND SPACE VEHICLE 

"he use of t h e  horizon scanners i n  t h e  experiment w a s  based on an unpub- 

The analysis w a s  performed by Mr. J. W. Youngblood of 
l ished analysis of t he  geometrical relationships of t h e  vehicle i n  space i n  the 
v ic in i ty  of the  earth. 
t h e  Langley Research Center. 
The analysis resulted i n  the following applicable simultaneous equations: 

The geometry problem i s  i l l u s t r a t ed  i n  f igure 4. 

1/2 + h2) - ( R  + h)cos 8 
- .  

( R  + h)*sin 6 cos% 
cos $ = 

- .  . ~~ ~ 

1/2 
2(2Fk + h2) cos 6 f s i n  6\/2R2(1 + cos j3) - ( R  + h)2sin28 sin2$ 

(A21 __ ._ __ ._  - - . . _. . _. s i n  6 = 
(R + h)  &in%( l  + cos P) + 2- cos28] 

These equations were solved simultaneously on a d i g i t a l  computer f o r  the earth 
scan angle j3 and t h e  body-pitch angle 0 .  A range of values of a l t i t ude  w a s  
selected t o  cover the  a l t i t ude  range f o r  which the a t t i t ude  idormation w a s  
desired. The scanner mounting angle 6 w a s  determined and w a s  a l so  used as an 
independent variable i n  the  equations. 
are plotted i n  f igure 5(a). 

The results of the computer solutions 

M r .  Youngblood's analysis took in to  account the  f a c t  t ha t  the scan w a s  of 
f i n i t e  dimensions and not a simple l i ne .  The f ini te  scan crosses the  horizon 
before i t s  center l ine,  and the  result i s  tha t  the  apparent earth scan angle $ 
i s  la rger  than t h e  t rue  angle. 
M r .  Youngblood are: 

The correction equations developed by 

qc = csc a (A3 1 

The correction fac tor  A$ w a s  calculated for  a range of a l t i tudes  and 
body angles t o  cover the  actual  f l i g h t  ranges of these parameters. The cor- 
rection factor  i s  plotted i n  figure 5(b). 
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